Temperature dependencies for concentration and the Hall mobility of electrons for the n-Ge Sb and n-Ge Sb, Au single crystals uniaxially deformed along the crystallographic directions [100] and [111] are obtained on the basis of piezo-Hall effect measurements. A deformation-induced increase of the Hall mobility of electrons for n-Ge Sb, Au single crystals at the uniaxial pressure along the crystallographic direction [100] has been revealed. A comparison of the obtained experimental results with the corresponding theoretical calculations of temperature dependencies of the Hall mobility showed that the obtained effect occurs at the expense of the reduction probability of electron scattering on the fluctuational potential. Its amplitude depends on the temperature and on the value of the uniaxial pressure. It has also been shown that an increase of the Hall mobility for the n-Ge Sb, Au single crystals uniaxially deformed along the crystallographic direction [111] with an increasing temperature turns out to be insignificant and is observed only for the uniaxial pressures P < 0.28 GPa. A decrease of the Hall mobility of electrons at the expense of the deformational redistribution of electrons among the valleys of the germanium conduction band with different mobility should be taken into account in the present case. The Hall mobility magnitude for the uniaxially deformed n-Ge Sb single crystals is determined only by the mechanisms of phonon scattering and we have not observed the effect of the growth of the Hall mobility with an increase of temperature or the magnitude of uniaxial pressure. This demonstrates a secondary role of the fluctuational potential in the present case.
Introduction
The development of modern electronics is associated with the search and development of new materials or the improvement of the properties of the existing ones. At present, a semiconductor material such as germanium is a promising material for creating various electronic devices and sensors such as diodes, triodes, dosimeter devices, transducers, Hall sensors, detectors of infrared radiation [1, 2] . Technologies of strained germanium find their practical use in nanosized transistor structures and nanophotonics [3] [4] [5] [6] [7] . The use of n-Ge single crystals as a material for channels NMOSFET transistors allows one to increase their gain factor and the tunnel current in relation to those transistors whose channel is made of n-Si [3] [4] [5] . The purposeful impact of Germanium lattice deformation opens prospects for the creation of fundamentally new elements of nanophotonics on its basis [6, 7] . However, almost all scientific publications on nanoelectronics, in particular, works [3] [4] [5] [6] [7] which are devoted to the investigation and modelling of physical properties of strained germanium and nanostructures on its basis are restricted only to the examination of the deformation impact and the related effects on the atoms of the germanium lattice. However, the impact of the defective structure of germanium single crystals, created by controllable and uncontrollable impurities, was not taken into account. These impurities are introduced at the synthesis of such nanostructures and determine the degree of compensation for the present single crystals. Such impurities can create both shallow and deep energy levels in the band gap of germanium and significantly affect the functional characteristics of semiconductor devices on its basis and also largely determine the percentage of the output of suitable products. Theoretical models of the deformation influence on different kinetic and optical effects are very scarce both for germanium and in other semiconductors in the presence of deep energy levels of impurities. Today, the theory of deep levels in semiconductors, unlike the theory of shallow levels is based only on their semi-empirical models use [8] . The practical value of such investigations is connected with the fact that the impurity centers with deep energy levels determine the light-emitting diodes spectra. They are centers of rapid recombination, create additional regions of photosensitivity, strongly affect the tensosensitivity of semiconductors. Therefore, investigations of the impact of the alloyed impurities with deep levels on electrical and optical properties of the deformed germanium single crystals are urgent both from fundamental and applied points of view. Surely, these investigations, in their turn, will allow scientists and engineers to provide certain scientific and methodical recommendations concerning technological conditions of synthesis and modelling of germanium properties and strained nanostructures on its basis.
Results and discussion
So, we were measuring the temperature dependences of the Hall constant and the electrical conductivity for uniaxially deformed n-Ge single crystals, alloyed by Sb and Au impurities. Uniaxial deformation was attached along the crystallographic directions [100] and [111] . The crystallographic orientation of the investigated single crystals was determined using an X-ray machine, with an accuracy of 10 . Germanium samples for research were cut in the form of a rectangular parallelepipeds, 0.8 × 0.8 × 10 mm in size. Measurements were conducted for n-Ge samples of two groups. n-Ge Sb samples of the first group were alloyed only by Sb impurity, N Sb = 5 · 10 14 cm −3 concentration. n-Ge Sb, Au samples of the second group were alloyed by Sb impurity, N Sb = 9.8 · 10 14 cm −3 concentration and Au impurity, N Au = 5.05 · 10 14 cm −3 concentration. The temperature control was carried out with the help of the copper-constantan differential thermocouple. During the experiment, the accuracy of the measurement of temperature was ±1 K. As it is known [9] , impurity of Sb is a shallow donor. It forms in the band gap of germanium shallow energy level E C − 0.0096 eV. Au impurity forms a deep donor level E V + 0.04 eV and three acceptor levels E V + 0.15 eV, E C − 0.2 eV and E C − 0.04 eV in Ge. The piezo-Hall effect study for the n-Ge Sb single crystals uniaxially deformed along the crystallographic directions [100] and [111] shows that concentration of electrons at temperatures T > 77 K is equal to the concentration of alloying impurity Sb and does not depend on the temperature. This is explained by the fact that the shallow donors of Sb will be completely ionized for such temperatures. Experimental results of temperature dependencies of the Hall mobility for n-Ge Sb single crystals uniaxially deformed along the crystallographic directions [100] and [111] are presented in figure 1 . As can be seen in figure 1 , the Hall mobility at the deformation along the crystallographic direction [100] does not depend on the magnitude of the uniaxial pressure. There is no deforming redistribution of electrons between the minima of germanium conduction band which will be shifting upward (according to the scale of energies) at the deformation with the same speed for the present case [10] . The deforming redistribution of electrons between three minima of germanium conduction band with higher mobility (which ascend upwards) and one minimum with smaller mobility (which descends down according to the scale of energies at the deformation) will take place at the uniaxial deformation n-Ge Sb along the crystallographic directions [111] . In this case, the concentration of electrons in three minima with higher mobility will decrease. However, the concentration of electrons in the minima with smaller mobility will increase [10] . This will lead to a decrease of the average Hall mobility of electrons with an increase of the uniaxial pressure magnitude. This fact explains the obtained experimental results (figure 1, curves 4 and 5). The growth of the concentration of electrons in the germanium conduction band with an increasing temperature for n-Ge Sb, Au single crystals (figure 2 and figure 3) is explained by thermal ionization of the deep acceptor level of gold E C − 0.2 eV.
Moreover, for the given single crystals, as can be seen in figure 2 and figure 3 (curves 2−4), the concentration of electrons increases when the magnitude of the uniaxial pressure increases. This is associated with a decrease of ionization energy of the level E C − 0.2 eV at the deformation [11] .
A research of the hydrostatic pressure influence on the position for the deep level of gold E C − 0.2 eV in germanium single crystals has been conducted by the authors of works [12, 13] . The baric coefficient magnitude for ionization energy of the given level which had been calculated in work [12] , turned out to be understated, taking into account the experimental results of work [13] . This is explained by the fact that the authors of work [12] did not take into account the impact of fluctuation potential in their calculations [13, 14] . As it is known [15] [16] [17] [18] , such a potential arises in the alloyed compensated semiconductors or in semiconductors with radiation-induced defects when the concentration of free charge carriers is small in comparison with the concentration of ionized impurity centres or charged radiation defects. The amplitude of this potential can be quite significant which will lead to modulation of density of states for charge carriers and, as a result, to a decrease of Hall mobility. For the given case, Hall mobility of electrons can be written as follows [17, 18] :
13702-3 where µ H 0 is Hall mobility for uncompensated semiconductor, ∆ is amplitude of fluctuation potential. In accordance with [16] ,
where N is the total concentration of charged impurities or defects, ε is dielectric penetration, n is the concentration of electrons in the conduction band, q is electron charge. The reduction of the amplitude of fluctuation potential for the uniaxially deformed n-Ge Sb, Au single crystals ( figure 4 and figure 5 ), taking into account the expression (2) and experimental results ( figure 2 and figure 3) , is caused by an increase of the concentration of electrons in the germanium conduction band at the expense of magnification of the temperature or magnitude of the uniaxial pressure.
This, in its turn, explains the anomalous temperature dependencies of Hall mobility for the n-Ge Sb, Au single crystals uniaxially deformed along the crystallographic direction [100] (figure 6).
As it follows from figure 6, Hall mobility does not depend on uniaxial pressure at high temperatures because the amplitude of fluctuation potential is small and weakly depends on deformation (figure 4). For the case of uniaxial pressure along the crystallographic direction [111] (figure 7), the deformationinduced increase of the Hall mobility at low temperatures was not observed. Only at T < 140 K and P > 0.69 GPa (figure 7, curves 3 and 4) Hall mobility slightly increased when uniaxial pressure grew. In this case, as mentioned above, it is also necessary to take into account a decrease of the Hall mobility of electrons at the expense of the deformation redistribution of electrons between the valleys of the germanium conduction band with different mobility. Corresponding theoretical calculations which are presented in figure 6 and figure 7 (solid and dashed curves) were carried out by us for the quantitative estimation of the Hall mobility magnitude for the uniaxially deformed n-Ge Sb, Au single crystals.
According to [19] , the isoenergetic surfaces of the germanium conduction band are ellipsoids of rotation, with an axis of symmetry which coincides with the crystallographic direction [111] . Then, the mobility of charge carriers for an arbitrary direction can be determined from the ratio:
where θ is the angle between the examined direction and the main axis of the ellipsoid; µ ⊥ and µ is the mobility of charge carriers across and along the axis of the ellipsoid. In accordance with (1), for n-Ge single crystals undeformed and those uniaxially deformed along the 13702-4 crystallographic direction [100]
Under uniaxial pressure n-Ge along the crystallographic direction [111], one minimum i.e., the main axis of the isoenergetic ellipsoid which is oriented along the axis of deformation, will descend according to the scale of energies by a value [19] 
and the other three minima will ascend by a value
which will lead to the emergence of the energy gap between them ∆E 1,2 = 4 9 Ξ u S 44 P. If n 1 is a concentration of electrons in a descending minimum, and n 2 in three minima which ascend under uniaxial pressure P J [111], then the total concentration of electrons in the conduction band of germanium is as follows:
For the nondegenerate electron gas [20] n 1 = 2 2πm 1 kT
Then,
where m 1 , m 2 represent the effective mass of the density of states for the given minima. For the isoenergetic surface, which is an ellipsoid of rotation, the effective mass of the density of states is as follows:
where N denotes the number of equivalent ellipsoids, µ and m ⊥ are components for the tensor of the effective mass of an electron along and across the axis of the ellipsoid.
In accordance with the (3), the mobility of electrons under the uniaxial pressure P J [111] in the descending minimum is equal to µ 1 = µ .
Hence, for the three minima which ascend according to the scale of energies,
From expressions (7) and (9) we find
Then, for an arbitrary value of the uniaxial pressure P J [111], the conductivity n-Ge is as follows:
Taking into account expressions (11)− (14), the mobility of electrons at the uniaxial pressure n-Ge along the crystallographic direction [111] is equal to
As it is known [21] , electron scattering on optical phonons is also possible for germanium, in addition to their scattering on acoustic phonons and ions of impurity. Electron scattering on optical phonons is caused by the interaction of electrons with phonons, whose frequencies correspond to temperature T C1 = 430 K (intravalley scattering) and intervalley scattering on acoustic phonons with characteristic temperaturies T C2 = 320 K.
Intervalley electron scattering and electron scattering on optical phonons are described by a scalar relaxation time τ j :
where
is the effective mass of the density of states for electrons of the conduction band, Ξ j is a constant of intervalley or optical deformation potential; ρ is a density of the crystal; T Cj is characteristic temperature of j phonon; x = ε kT is a dimensionless energy of electron; θ x; T C j T is a step function. For intervalley scattering
where m j , m ⊥j are a longitudinal and transverse component of the tensor of the effective mass for electrons which are in the ellipsoid of j type; Z j is the number of equivalent ellipsoids of the conduction band of j type. For intravalley electron scattering on optical phonons
Expressions for components of the relaxation-time tensor τ a, j and τ a, j
⊥ under conditions of mixed electron scattering on acoustic phonons and ions of impurity [22] can be written based on the theory of anisotropic scattering:
(Expressions for a , a ⊥ , b 0 , b 1 are presented in appendix A). Then, in the most general case, the scattering of electrons on the acoustic phonons, ions of impurity, optical phonons and acoustic phonons, which are responsible for the intervalley electron scattering, expressions for components of the relaxation-time tensor can be presented as follows [21] :
where τ a, j , τ a,i
⊥ , τ 1 , τ 2 are longitudinal and transverse components of the relaxation-time tensor for scattering on acoustic phonons and ions of impurity, respectively; τ 1 , τ 2 are the relaxation time for intervalley scattering and scattering on optical phonons.
Components of tensors of mobility can be expressed through components of tensors of relaxation times and effective mass:
Numerical values of parameters for the energy-band structure of germanium single crystals such as components of tensors of the acoustic potential of deformation and effective mass (Ξ d = −6.4 eV, Ξ u = 16.4 eV, m = 1.58m 0 , m ⊥ = 0.082m 0 ) [22] , constants of electron-phonon interaction for optical Ξ 430 = 4 · 10 8 eV cm and acoustic phonons Ξ 320 = 1.4 · 10 8 eV cm , which are responsible for the intervalley electron scattering [21] , should be taken into account for carrying out theoretical calculations. Temperature dependencies of the Hall mobility for the uniaxially deformed n-Ge Sb, Au single crystals (which were obtained based on the given calculations) are presented in figure 6 and figure 7 (solid and dashed curves) .
The results of comparison of the curves, which were obtained with and without taking into account fluctuation potential (figure 6, curves 5−12), show that under low temperatures the Hall mobility significantly depends on the magnitude of the amplitude of the given potential. For the n-Ge Sb, Au single crystals uniaxially deformed along the crystallographic direction [111] the effect of the growth of the Hall mobility with an increasing temperature is not significant and is observed only for the uniaxial pressures P < 0.28 GPa (figure 7, curves 1 and 2). In the given case, the magnitude of the Hall mobility is determined by the deformational reconstruction of the germanium conduction band and the effectiveness of electron scattering on the fluctuation potential. The change of relative contribution of the given mechanisms under an increasing uniaxial pressure explains the insignificant growth of the Hall mobility under P > 0.69 GPa and temperatures T < 140 K (figure 7, curves 3 and 4).
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Conclusions
Electrons scattering on the ions of shallow Sb impurities for the germanium single crystals studied is described using the Coulomb screening potential of the impurity. For deep impurities Au, this approach does not apply, since today there are no adequate theoretical models of deep centres in semiconductors. Therefore, it is difficult to make any estimates of the influence of such impurities on the mechanisms of electron scattering in n-Ge Sb, Au single crystals. However, for the investigated impurity concentrations Sb and Au, the electron scattering on the ions of the gold impurity can be considered secondary, since the experimental dependences of the Hall mobility of the electrons on the temperature for the uniaxially deformed n-Ge Sb, Au single crystals are well described based on the proposed theoretical model of mobility. Additional doping of n-Ge Sb single crystals by the impurity of gold leads to an increase in the degree of compensation of such single crystals and consequently to the reduction of the screening effect. The reduction of the effect of screening is caused by the occurrence of large-scale fluctuations of the concentration of charged ions of doping impurities and, accordingly, the fluctuation potential, whose amplitude depends on temperature and uniaxial pressure. Therefore, description of various electron transfer phenomena in n-Ge Sb, Au single crystals, for the investigated temperatures and concentrations of doping impurities Sb and Au, can be restricted to the mechanisms of electron scattering on the acoustic and optical phonons (intravalley scattering), acoustic phonons, which are responsible for intervalley scattering, ions of shallow Sb impurities and fluctuation potential.
The obtained experimental results and theoretical calculations show that for single crystals n-Ge Sb, Au uniaxially deformed along the crystallographic direction [100], a decrease of the amplitude of fluctuation potential under an increase of temperature or the magnitude of uniaxial pressure causes a growth of the Hall mobility. Its further decrease, passing through the maximum with an increasing temperature, is explained by the increase of probability of electron scattering on optical phonons and phonons, which are responsible for the intervalley electron scattering. Scattering of electrons on the fluctuation potential is secondary in this case. The present mechanism of scattering does not appear for the whole area of the investigated temperatures, and the Hall mobility magnitude is fully determined by the mechanisms of the phonon scattering. The impact of deformational reconstruction of the germanium conduction band (in addition to a change of the amplitude of the fluctuation potential at the uniaxial pressure) should be additionally taken into account for the case of the single crystals n-Ge Sb, Au uniaxially deformed along the crystallographic direction [111] . This mechanism causes a decrease of the Hall mobility. The obtained temperature dependencies of the Hall mobility are determined by different relative contributions of the given mechanisms depending on the magnitude of the uniaxial pressure.
It is important to consider the impact of fluctuation potential on the mechanisms of electron transport in germanium both at the absence and in presence of deformation fields in modelling and developing on its basis the electronic devices and sensors, nanostructures, alloyed by different impurities (alloyed quantum dots Ge, heterostructures SiGe). 
A. Necessary appendices to calculate the relaxation time
Φ 1a = 1 + 1 + β 2 β 2 2 + 3 β 2 − 3 1 + β 2 β 3 α Ξ u Ξ d + 1 + β 2 β 4 Ξ 2 u Ξ 2 d (A + B) ,
